The domination of gas turbines in the energy arena is facing many challenges from environmental regulations and the plethora of renewable energy sources. The gas turbine has to operate under demand-driven modes and its components consume their useful life faster than the engines of the base-load operation era. As a result the diagnostics and prognostics tools should be further developed to cope with the above operation modes and improve the condition based maintenance (CBM).
• The accuracy of the method is tested under transient operating conditions and compared to an earlier method.
• The proposed method is capable of detecting accurately the evolution of compressor fouling. Model-based methods rely heavily on engine model diagnosis which is directly coupled to the prognosis 31 process. For the model-based approaches the most commonly used method is that of trending the available 32 diagnostic information through linear and nonlinear regression models [28, 29] . Another popular model- prognosis.
Nomenclature

38
Therefore, the development of a prognostic system capable of taking into account the dynamic gas 39 turbine operation is fundamental for an effective and successful CBM. Dynamic operating gas turbines have 40 to be monitored at an increased frequency rate which results in a vast amount of data for the gas turbine 41 operators to process, analyze and interpret towards to facilitating the maintenance and operation of the 42 engines. In addition, the fast and highly nonlinear engine dynamics make the interpretation of the gas path 43 information a very complex task since it moves away from the common practice of the industry to forecast 44 the behavior of the engine based on its entire operational history. It would be more practical to focus the 45 prognostic analysis for such dynamic gas turbines in the short-term since the electricity demand dominated 46 by the intermittent character of the renewables affects the operating profile of the gas turbines and alters significantly the degradation pattern of its components. Within this context and taking into consideration 48 the vast amount of engine monitored information contained in data lakes the aim of this study is to develop 49 a method for accurately forecasting the engine component degradation into the future by examining the 50 rate by which the degradation changes with respect to time.
51
Generally, the gas turbine engine performance depends on its components behavior. 3. Moreover, the distribution of diagnostic data is examined based on a second order derivative crite-
The remainder of this paper is organized as follows. In Section 2, the proposed prognostic method along with the concept of performance adaptation used for diagnostics and its integration with a dynamic engine The component performance degradation of gas turbines is mainly attributed to the ambient conditions,
101
the operating mode and the manufacturing tolerances. These factors increase the complexity of the diagnos-102 tics and subsequently the prognostics tasks. This is evident by the numerous existing prognostic solutions 103 proposed for gas turbines. In this study several assumptions have been made, for facilitating the application 104 of the proposed method to service engines, as follows:
105
• Only incipient component performance faults (no abrupt) are considered for prognostics.
106
• All the engine components are experiencing performance degradations simultaneously.
107
• The performance degradation of each component corresponds to deviations of the mass flow capacity 108 and isentropic efficiency from their clean/healthy values.
109
• The pattern of degradations examined are monotonical.
110
• The operating conditions are varying with respect to time.
111
The above assumptions rely on the fact that modern gas turbine that operate under dynamic conditions tion. Other approaches for data-smoothing and noise-filtering could be performed prior to diagnostics and 118 prognostics for ensuring a good quality data set for the above purposes. 
Model Tuning
120
The frequently performed maintenance actions in industrial gas turbines (such as online/offline compres- A recently developed adaptation method [18, 37] is implemented for this study. A brief description of 132 this method follows. The behavior of a gas turbine engine may be represented as follows:
where Y, X and u denote the measurable performance, the component and the operating conditions pa-134 rameters, respectively.
135
The performance of the engine can be captured by the information of the condition monitoring system of 136 a service engine or via simulated gas turbine measurements available from an engine model. For testing our 
where n denotes the number of the operating points and Y i and Y ri denote the i-th predicted and observable 144 performance parameter, respectively. 
Diagnostics
parameter deviation ∆X from its nominal/clean value and given by:
where X and X d denote the clean and degraded component parameter, respectively. 
159
The component degradation ∆X rinj with respect to time t may be represented as a function g, i.e.
160
∆X rinj (t) = g(t). The mathematical form of the function g depends on the injected deviation signal. In 
172
The accuracy of the diagnostic task is evaluated by the Diagnostic Index (DI) [37] as follows:
where ǫ is the detected residual for the component parameter X as follows:
At this point it should be pointed out that the accuracy of the diagnostic and subsequently the prog-nostic processes is relying heavily on the capability of the engine model to adapt its component parameters
Model
Map Th/cs
Reference Engine
Adaptive Diagnosis The set of discretely estimated diagnostic information is consequently feeding the window based re- 
Window-Based Analysis
189
Upon completion of the diagnosis task the next step involves the interpretation of this information From the diagnostic results, the degradation pattern is then partitioned into a number q of windows that represents the performance degradation acceleration, as follows:
The reason for this criterion selection lies in our initial assumption that for every window the engine The specification of k depends on the degradation pattern examined. On a local window-based level the degradation can be expressed as a linear function with respect to time as follows:
where g 1 and g 2 are the coefficients of the function. Since the second derivative of the initially assumed linear 210 function in eq. (7) is equal to zero it follows that k is specified to be zero. Therefore, if any acceleration 211 change is detected a new window will be activated. This data processing approach is performed for the 212 entire diagnostic information which results in q windows. 
Prognostics 214
Generally, the prognosis is the process of estimating the evolution of gas turbine performance degradation 215 for a specified time period. Given that the proposed window-based process divides the pattern of component 216 degradation into smaller time increments, this enables prognosis to be carried out locally for every window. degraded component parameter ∆X lreg (t) as follows:
Once the localized degradation pattern is approximated by the regression model, the component perfor-220 mance is predicted for a time width M , which is referred to as the prognostic window. At this stage the 221 reference engine degradation ∆X rinj is used to assess the prognosis accuracy.
Actual Degradation Accuracy Bounds PDF Linear Regression Diagnostic Results Prognostic Results Furthermore, the Probability Density Function (PDF) of normal/gaussian distribution is implemented for 223 determining the probability of the prognosis results to take any given value. The PDF of the normal/gaussian 224 distribution of x is as follows:
where x denotes the degraded component parameter ∆X lreg of standard deviation σ.
226
The PDF of the linearly regressed component parameter ∆X lreg information along with the diagnostic 227 predictions ∆X and the actual degradation ∆X rinj with its corresponding accuracy bounds is shown in Fig.   228 6. The final step of the prognosis task is RUL estimation for the component.
229
The majority of the performance-based prognostic algorithms for rotating machinery [29, 28] evaluate
230
RUL by projecting the diagnostic predictions into time and assigning a probability of these predictions to 231 reach a certain threshold. The proposed prognosis is adopting another logic since its main focus is the inves- Finally, accuracy bounds similar to the diagnostic accuracy bounds are implemented for the true ERUL.
237
The true ERUL is determined by the injected degradation to the engine component parameters ∆X rinj . As 
Case Study Description
242
The proposed adaptive and window-based methods for prognostics approaches are integrated into a an Table 1 .
250
The control input of the gas turbine model configuration is the fuel flow rateṁ f . A detailed description Table 2 . 
Symbol Parameter Units
P 3 compressor discharge pressure Pa aforementioned deviations is given in Table 3 . for assessing the accuracy of the prognosis.
272
It should be noted that the earlier prognostic method will implement the diagnostic results on a different 273 manner than in [10] . In the earlier study [10] the fixed width method was employed for both the diagnostic degradation exceeds the threshold value k=0 which leads to the termination of the existing window and the 303 activation of a new one so that the initially assumed linear propagation is satisfied. It is also noted from has to be segmented into several windows due to an increased rate of degradation.
306
For demonstrating the advantages of the proposed method in terms of the prediction accuracy, the earlier 
Prognosis
314
The objective of this case study is to evaluate the improved accuracy of our proposed method for especially for the first and last stages of the degradation pattern the spread is relatively higher than the 335 ones for the mid stages.
336
An additional metric that facilitates the evaluation of the prognostic accuracy is that of the ERUL of 
Conclusions
356
In this paper, a data-based prognostics approach is proposed for estimating the performance of gas 
371
The proposed method has demonstrated the capability to predict at a computational efficient and accu-372 rate manner the gas turbine component degradation for engines operating under dynamic operating modes.
373
Our proposed method can support the condition based maintenance of gas turbine powered plants since it 374 provides an improved judgment for the gas turbine short-term performance status. 
